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ABSTRACT: Pixel array detectors have only recently been seriously used at x-ray synchrotrons. We
describe the application of a digital pixel array detector (Pilatus100k) to a variety of synchrotron
experiments at the Advanced Photon Source at Argonne National Laboratory. The Pilatus100k
was developed at the Paul Scherrer Institut (PSI). It has been commercialized by a PSI spinoff
(Dectrics Ltd.) This is the first commercially available pixel array detector for x-ray synchrotron
applications. The APS synchrotron provides tunable x-ray pulses with duration of ∼80 ps and a
repetition period of 153 ns (24-bunch mode). The Pilatus100k is a direct detection x-ray detector
where each 172 micron pixel counts individual x-ray pulses above a lower threshold. It consists
of ∼100k pixels each of which is capable of single-photon counting (> 3 keV) at count rates up
to ∼ 1 MHz. In addition, the Pilatus100k is an electronically gateable detector. We present data
showing that the Pilatus100k is capable of isolating a single x-ray bunch at the APS in 24 bunch
mode. We will also present a variety of different experiments exploiting the unique capabilities of
the Pilatus100k.
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1 Overview of X-ray synchrotrons
X-ray synchrotron sources such as the Advanced Photon Source (APS) at Argonne National Lab-
oratory provide the brightest source of x-rays in the world. The APS is the country’s largest User
Facility with over 3500 scientists coming to APS to apply x-ray techniques to a wide range of
biological, chemical, material physical science problems. X-ray synchrotrons are energy tuneable
(1–120keV) and x-ray optics produce focal spots from microns to nanometers with extreme bril-
liance. This allows for experiments which x-ray generators cannot do. The Advanced Photon
Source (APS) is a synchrotron light source that produces high-energy, high-intensity x-ray beams.
The source is optimized to put large quantities of high-energy photons into a very small area in a
very short time. In particular, the APS is a pulsed x-ray source. The typical fill pattern of APS is
24 bunch mode (figure 1) where the spacing between x-ray bunches is 153.4 ns. The pulse width
of a single x-ray bunch is ∼ 80 ps.
2 Overview of Pixel array detectors
The current state-of-the-art large area detectors for x-ray synchrotron diffraction experiments are
indirect detection systems, where an x-ray phosphor/scintillator is optically coupled to a 2D pho-
ton detector (e.g., CCDs). These systems are now common place at x-ray synchrotrons and are
available from several companies (e.g., Rayonix/MAR-USA and ADSC). Recently, amorphous
silicon flat panel detectors developed for medical applications have begun to be used at x-ray syn-
chrotrons [1]. The active area of these detectors range from 10×10 cm2 to 40×40 cm2, and pixel
size ranging from 50–200 microns. These detectors have sensitivities that approach a single x-ray
photon, but many require several photons to reach a detectable signal-to-noise ratio. These detec-
tors are not able to resolve x-ray energies. They are all integrating detectors with no instantaneous
count-rate limitation.
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Figure 1. The APS storage ring configured in 24-bunch mode.
Recently, direct detection pixel area detectors (PADs) started to mature. These systems tend
to have more sensitivity than the indirect detection systems. Direct detection systems also tend to
have better spatial resolution since the indirect detection systems have thick phosphors/scintillators
which blur the x-ray images. The basic model for PADs is: an x-ray stopping pixelated sensor
layer (e.g., silicon) is connected (e.g., bump-bonded) to an ASIC. There are two broad classes of
ASIC: digital and analog. A digital ASIC refers to a single photon-counting architecture, while
an analog ASIC refers to charge integrating ASIC. (These are sometimes referred to as digital and
analog-PADs in the synchrotron community.) The main difference is the digital types suffer from
count rate limitations while the analog types do not.
X-ray synchrotrons are capable of producing x-ray fluxes on the order of 1012 photons/s, and
thus analog PADs are superior for high-flux experiments (e.g., radiography). However, digital
PADs have their place at x-ray synchrotrons. The leading effort in analog PADs has occurred at
Cornell University [2], while digital PADs have been developed at the Paul Scherrer Institut (PSI)
in Switzerland (Pilatus100k) [3]. The Pilatus100k detectors are now commercially available. For
example, there are six Pilatus100k detectors in use at the Advance Photon Source as of 2008.
While analog-PADs may be superior to digital-PADs in terms of count rate (such as diffraction
and radiography), currently there are no analog-PADs that are commercially available. In many
synchrotron experiments, the count rate can be limited in order accommodate digital-PADs count
rate limitations. It is expected that analog-PADs will eventually be commercially available.
Currently, the only commercially available pixel array detector (PAD) for synchrotron applica-
tions is the Pilatus detector from Dectris Ltd., which is a spinoff of the research at the Paul Scherrer
Institut (PSI) in Switzerland [3]. It is a single photon counting detector with a fully depleted 320
micron thick silicon sensor bump-bonded to an ASIC with a charge shaping amplifier, lower level
discriminator, and 20-bit counter in each pixel. Each pixel can handle ∼ 1 MHz of count rate.
The Pilatus100k array consists of 487×195 pixels with a 172 micron pitch. The Pilatus100k’s full
frame (379,860 bytes) can be readout to disk in 5 ms.
In the world of synchrotron research, single-element counting detectors (e.g., NaI scintillator
coupled to photomultiplier tube and avalanche photodiodes) are routinely used for x-ray diffraction
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Figure 2. Analog output of the Pilatus100k using the fastest shaping time. The full width half maximum
(FWHM) of the analog output is 115 ns. The data was acquired by averaging 100 pulses with a digital
storage oscilloscope.
measurements. The Pilatus100k can be thought of as an area detector composed of 100k individual
counting detectors. This allows for added flexibility in designing and performing synchrotron ex-
periments. One of the first novel applications of the Pilatus100k was on surface x-ray scattering [4].
Previously, the detector of choice for such experiments had been single-element counting detectors
coupled with x-ray slits to define a diffraction angle. The Pilatus100k has improved the reliability
and increased the data acquisition rate by approximately an order of magnitude for surface diffrac-
tion experiments [4]. In this paper, we will focus on other novel application of the Pilatus100k at
the APS.
2.1 Temporal characteristics of the Pilatus100k
The Pilatus100k detector can be operated in an external enable mode where the detector is elec-
tronically gated with multiple TTL pulses. In order to investigate the temporal response of the
Pilatus100k, we configured the Pilatus100k to view fluorescence signal. We sent 2000 TTL gate
pulses of 30 ns width at a rate 1 kHz. The gate pulse was supplied by a delay generator (SRS SDG
535) locked to the ring bunch frequency (P0 ∼ 272 kHz). The fastest shaping time available on the
Pilatus100k detector was used. The analog output of a single pixel charge shaping amplifier with
this shaping time is shown in figure 2. The full width half maximum (FWHM) of the analog output
is 115 ns. The arrival time of the gate pulse was delayed relative to the ring bunch frequency. Fig-
ure 3 shows the Pilatus100k pixel sum versus the gate delay time. No significant dependence with
pixel position was found. (See figure 4) The individual x-ray bunches can easily be distinguished.
3 Example applications
At the APS, the Pilatus100k has been used for a wide range of experiments including: surface
diffraction; time-resolved Small-Angle X-ray Scattering (SAXS); time-resolved diffraction; time-
resolved X-Ray Absorption Fine Structure; inelastic scattering. In this paper, we will focus on
applications which rely on the temporal response of the Pilatus100k.
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Figure 3. The Pilatus100k gate is delayed relative to APS x-ray bunches in 24-bunch mode. The signal is
summed over all pixels of the Pilatus100k.
Figure 4. Pilatus100k gate is delayed relative to APS x-ray bunches in 24-bunch mode. The data is shown
in semi-log scale. No significant dependence of this lag time with pixel position was found. A Pilatus100k
image is shown with its 16 ASIC chips labeled.
3.1 Time-resolved diffraction
The pulsed nature of the x-ray synchrotrons, like the APS, allow for pump-probe experiments to
study ultrafast atomic phenomena. In these experiments, a pump (e.g., laser) is used to place a sam-
ple into a meta-stable excited state while the probe (i.e., x-ray pulse) is used to monitor diffraction
pattern changes as a result of laser excitation [5, 6] (See figure 5). The relatively delay between
the laser and the x-ray pulse is varied to study the temporal response of the sample. Typically, the
overall time resolution is limited by the length of the x-ray pulse which is longer than the laser
pulses. Future ultra-short pulsed x-ray free electrons laser, like LCLS at SLAC, will provide fem-
tosecond wide x-ray pulses. Typically, the samples are weakly scattering materials. Traditionally,
such experiments have been performed in two schemes: with single avalanche photodiodes which
could be gated on a single x-ray bunch; or with CCD detector in conjunction with highly advanced
mechanical choppers to isolate single x-ray bunches at specialized beamlines have been used [7].
However, monitoring changes in the diffraction pattern (i.e., changes in angle) with a single, point
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Figure 5. Schematic of a time-resolved diffraction experiment.
detector is time consuming. Since the Pilatus100k is a gateable area detector, this allows for the
entire diffraction pattern to be monitored simultaneously without the need for specialized mechan-
ical choppers. In addition, the experimental data acquisition is reduced as compared to a single
avalanche photodiodes [6].
3.2 Time-resolved XAFS
The energy tunability of x-ray synchrotrons enables X-Ray Absorption Fine Structure (XAFS)
experiments. XAFS gives information on the chemical bonding states of a wide range of mate-
rials (e.g., crystals, liquids, and other disorder systems). The x-ray energy is scanned across an
elemental absorption edge. The energy-scanned incoming x-rays eject photo-electrons of differ-
ent wavelengths in the sample. These photo-electrons interact with the surrounding atoms in the
sample and result in constructive and destructive modulation of the absorption edge. For dilute
sample, the fluorescence of the corresponding edge emission line is monitored. For static XAFS,
multi-element silicon drift and germanium diodes spectroscopic detectors are used to isolate the
emission line. However, for time-resolved XAFS, the temporal response of germanium and silicon
drift diodes is not sufficient to resolve individual x-ray bunches. Traditionally, time-resolved XAFS
detectors have been a handful of avalanche photodiodes [8, 9]. As with time-resolved diffraction,
the pump-probe concept can be applied to XAFS. We are investigating the use of the Pilatus100k
for time-resolved XAFS. The example application is the reactions of small inorganic radicals in
aqueous solution (e.g., aqueousbromide) [10]. Since the Pilatus100k does not have an upper level
discriminator, we use the absorption edge of the element that is one atomic number smaller (Z-
1) than the element being studied. This acts like a low-pass filter. In our example, our sample is
aqueousbromide (Z = 35), so the low-pass filter is selenium (Z =34). The selenium filter reduces the
background that is caused by the elastic scattering of the x-ray beam, as opposed to the Br Kα fluo-
rescence (i.e., the signal). This type of detectors is often referred to as a Lytle Detector [11]. A static
XAFS of Br Kα with the Pilatus100k is shown in figure 6. We are also investigating using the pixe-
lated nature of the Pilatus100k to perform a pixel-by-pixel background subtraction, since the back-
ground XAFS is highly position-dependent (i.e., Rayleigh and Compton Scattering). A thorough
comparison with avalanche photodiodes is currently in progress. The Pilatus100k should perform
better than avalanche photodiodes since it is pixelated. In addition, the fluorescence x-ray flux is
spread over∼100k pixels. We should be able to detect up to∼100k fluorescence x-rays per bunch.
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Figure 6. XAFS spectrum of aqueous bromide Kα edge taken with the Pilatus100k.
4 Conclusions
X-ray synchrotrons are only now truly exploiting pixel array detectors for experiments. Currently,
the Pilatus100k is the only commercially available pixel array detector (PAD) for synchrotron ap-
plications. It has been widely used at the APS for a wide range of experiments. In particular,
the Pilatus100k has opened the era of gated area detectors. Future detectors with different ASIC
designs will further improve x-ray synchrotron experiments.
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